Chronic lymphocytic leukemia is a malignancy of mature auto-reactive B cells. Genetic and functional studies implicate B-cell receptor signaling as a pivotal pathway in its pathogenesis. Full B-cell receptor activation requires tumor-microenvironment interactions in lymphoid tissues. Spleen tyrosine kinase, Bruton's tyrosine kinase, and the phosphatidylinositol 3-kinase (PI3K) δ isoform are essential for B-cell receptor signal transduction but also mediate the effect of other pathways engaged in chronic lymphocytic leukemia cells in the tissue-microenvironment. Orally bioavailable inhibitors of spleen tyrosine kinase, Bruton's tyrosine kinase, or PI3Kδ, induce high rates of durable responses. Ibrutinib, a covalent inhibitor of Bruton's tyrosine kinase, and idelalisib, a selective inhibitor of PI3Kδ, have obtained regulatory approval in chronic lymphocytic leukemia. Ibrutinib and idelalisib are active in patients with high-risk features, achieving superior disease control in difficult-to-treat patients than prior best therapy, making them the preferred agents for chronic lymphocytic leukemia with TP53 aberrations and for patients resistant to chemoimmunotherapy. In randomized trials, both ibrutinib, versus ofatumumab, and idelalisib in combination with rituximab, versus placebo with rituximab improved survival in relapsed/refractory chronic lymphocytic leukemia. Responses to B-cell receptor inhibitors are mostly partial, and within clinical trials treatment is continued until progression or occurrence of intolerable side effects. Ibrutinib and idelalisib are, overall, well tolerated; notable adverse events include increased bruising and incidence of atrial fibrillation on ibrutinib and colitis, pneumonitis and transaminase elevations on idelalisib. Randomized trials investigate the role of B-cell receptor inhibitors in first-line therapy and the benefit of combinations. This review discusses the biological basis for targeted therapy of chronic lymphocytic leukemia with B-cell receptor inhibitors, and summarizes the clinical experience with these agents.
Introduction
Chronic lymphocytic leukemia (CLL) is a tumor of autoreactive mature B cells. B-cell receptor (BCR) signaling in the lymph node microenvironment plays a central role in its pathogenesis and in disease progression. The diagnosis of CLL requires the presence of 5000 or more tumor cells/uL of blood with a characteristic immunophenotype (CD19 + , CD5 + , CD23 + , weak CD20 expression). Small lymphocytic lymphoma (SLL) shares the biological characteristics of CLL, albeit with less than 5000 tumor cells/uL of blood in the presence of pathological lymphadenopathy, splenomegaly, or bone marrow disease. The standard of care for CLL is 'watchful waiting' of asymptomatic patients. Treatment is reserved for patients presenting symptomatic disease or compromised bone marrow function. 1 This approach is based on clinical trials that did not find any benefit for early treatment in asymptomatic patients, and the relatively long and heterogeneous natural history of the disease. While the median survival of all patients in a large referral center was 11 years, 2 survival is shorter for patients with high-risk disease. In contrast, patients with indolent CLL may have a life-expectancy comparable to age-matched controls. 3, 4 Chemoimmunotherapy, the combination of chemotherapy with an anti-CD20 monoclonal antibody (mAb), is the standard first-line treatment of CLL. [5] [6] [7] However, most patients relapse within years of first-line chemoimmunotherapy. The median progression-free survival (PFS) after first-line chemoimmunotherapy can be less than two years in patients with adverse cytogenetic markers, in particular in those with deletion of chromosome 17p (del17p), or in those carrying somatic mutations in TP53, NOTCH1, or SF3B1. 8 During treatment, cells with genetic lesions that confer relative resistance have a survival advantage and can become the dominant population at relapse. For example, del17p or TP53 mutations are present in less than 10% of patients at the time of first-line therapy but in up to one-third of patients with relapsed disease. 9, 10 There is a major need to identify treatment options for patients with relapsed/refractory disease and for those with TP53 aberrations. 11, 12 The BCR is a master regulator of B-cell development, survival, proliferation, functional differentiation, and migration, and plays an important role in the pathogenesis of several Bcell malignancies. 13, 14 Here I will review the role of BCR signaling in CLL, summarize the clinical experience with BCR inhibitors, and provide an outlook on the possible future role of these targeted agents in the treatment of CLL.
The role of BCR signaling in the pathogenesis of CLL
Genetic evidence for a role of antigenic signaling in the pathogenesis of CLL derives from the analysis of the immunoglobulin genes that encode the antigen-binding domains of the BCR. 15, 16 In contrast, somatic mutations in genes encoding components of the BCR signaling pathway are uncommon in CLL. 17 During development, each B cell recombines immunoglobulin variable (V), diversity (D), and BCR activation induces expression of the enzyme adenosine deaminase (AID) which introduces somatic mutations into the gene segments encoding the variable domain of the BCR. BCRs carrying amino acid substitutions that confer stronger antigen binding preferentially expand. The presence or absence of somatic mutations in the immunoglobulin heavy chain variable region (IGHV) has been used to differentiate between IGHV unmutated (U-CLL) and IGHV mutated (M-CLL) subtypes, the former apparently derived from a precursor having undergone antigenic selection, the latter carrying IGHV sequences in germline configuration as found in naïve B cells. However, the cellular derivation of CLL cells is more complex, and there is good evidence that antigen selection plays a role in both CLL subtypes. 15, 16, 116 A B and autoantigens. 15 In addition, the BCR of many CLL cells recognizes an epitope that is part of the CLL BCR itself, possibly contributing to auto-stimulation on a single cell level. 23 The observation that U-CLL is a more rapidly progressive disease with inferior survival compared to M-CLL suggests that the degree of BCR activation and/or the type of antigen may be important.
Gene expression profiles of CLL cells isolated from blood and lymph node provided direct evidence for ongoing antigen-dependent signaling through the BCR in vivo and suggested the lymph node as the primary site of BCR activation. 24 Further evidence for ongoing BCR activation in CLL are the reversible downmodulation of surface IgM expression on CLL cells and the anergic state of some CLL cells, both a reflection of chronic antigenic stimulation. 20, 25 Consistent with the role of BCR signaling as a driver of CLL progression, strong cellular response to BCR activation correlates with a more aggressive disease course. 24, 26 The transduction of signals from the BCR involves a network of kinases and adaptor molecules that connect antigen stimulation to intracellular responses ( Figure 2 ). Spleen tyrosine kinase (SYK), phosphatidylinositol 3-kinase (PI3K) δ isoform, and Bruton's tyrosine kinase (BTK) are essential for BCR signal transduction, and the inactivation of the respective genes in mice leads to impaired antigendependent maturation and expansion of B cells. 27 Soluble, structural, and cellular components of the tissue microenvironment co-operate with the BCR to influence the cellular response (Figure 3 ). 28 Notably, T cells aggregate with proliferating CLL cells in so-called proliferation centers in the bone marrow and lymphoid tissues, and are required for CLL cell proliferation in mice xenografted with PBMCs from CLL patients. 29 Extensive in vitro studies identified many pathways and factors that enhance CLL cell survival and promote limited proliferation, including the BCR, Toll-like receptors (TLRs), CD40, CD49d, cytokines, chemokines, and components of the extracellular matrix ( Figure 3) . [30] [31] [32] [33] [34] [35] [36] [37] [38] Many of these signals are transmitted through SYK, and/or PI3Kδ, and/or BTK, and activate similar intracellular pathways, most prominently the PI3K/AKT/mTOR, NF-kB, and MAPK pathways. It is, therefore, difficult to estimate to what degree any single factor or pathway may be necessary or sufficient for CLL pathogenesis. 27 Notably, many adverse prognostic markers in CLL, in particular use of unmutated IGHV genes, expression of ZAP70, and CD49d, relate to BCR signaling and tumor-microenvironment interactions, supporting the importance of these pathways in tumor biology.
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Inhibitors of BCR signaling
Functional studies with CLL cells in vitro, ongoing activation of CLL cells through the BCR in vivo, and the genetic evidence for antigenic selection gleaned from the clonal IGHV gene are strong indicators that BCR signaling is a pivotal pathway in CLL pathogenesis and disease progression (reviewed in more detail elsewhere [13] [14] [15] 27, 42 ). Several kinases in the BCR pathway can be targeted with small molecules to effectively interrupt BCR signaling in vivo, resulting in the inhibition of activation, proliferation, and survival of the tumor cells. 43, 44 Most advanced are inhibitors of BTK, PI3K, and SYK ( Figure 1 ). Because the same kinases also play important roles in pathways activated by tumor-microenvironment interactions, the inhibitory effects of the small molecules extend beyond BCR signaling interfering with signals from chemokines, CD40 ligand, BAFF, fibronectin, and TLR ligands. [45] [46] [47] In particular, kinase inhibitors can reduce chemokine-mediated migration and integrin-dependent adhesion of CLL cells, which could reduce the ability of tumor cells to "home" to the microenvironment. [47] [48] [49] In addition, TLR signaling, which can enhance the cellular response to BCR activation in B cells, 50 may be a critical target of ibrutinib in Waldenstrom's macroglobulinemia where mutations in the adaptor protein MyD88 downstream of TLR engagement promote BTK signaling and tumor progression. 51, 52 It is possible that inhibitors of SYK, BTK, and PI3Kδ are so efficacious because these kinases constitute "signaling hubs" of many different pathways important to B-cell biology. In addition, the effect of kinase inhibitors may be amplified because they interfere with the ability of CLL cells to modulate the composition of the microenvironment. For example, CCL3/CCL4 are chemokines produced by CLL cells in response to BCR activation, 24, 53 and both ibrutinib and idelalisib have been shown to greatly reduce their secretion, 45, 54 which may contribute to changes in the composition of the microenvironment and reduce its pro-tumor effects. 55 Furthermore, most inhibitors are not entirely specific to only one kinase but may inhibit additional (related) kinases to some degree and kinases targeted by these small molecules have roles in cells other than B cells. 27, 42 To what degree on-target but tumor extrinsic effects contribute to efficacy and adverse events are becoming an important area of investigation.
Patients treated with BCR inhibitors typically experience symptomatic improvement and rapid reduction in lymphadenopathy in parallel with a transient increase in absolute lymphocyte count (ALC) ( Table 1) . [56] [57] [58] Thus, this treatment-induced lymphocytosis is a class effect of kinase inhibitors that target BCR signaling, with the caveat that it may be missed as the peak ALC can occur within hours of starting drug. 58 Treatment-induced lymphocytosis, in the absence of signs of progression in other disease sites, does not indicate disease progression, and patients can safely continue therapy. 59 Furthermore, there is no evidence that treatment-induced lymphocytosis leads to morbidity in CLL patients. [56] [57] [58] [60] [61] [62] In most patients, the treatment induced lymphocytosis peaks within the first two months before gradually resolving, albeit with considerable inter-patient variability. 58 However, a subset of patients may show persistent lymphocytosis for more than a year on single agent ibrutinib. Importantly, this persistent lymphocytosis is not associated with treatment failure, 63 and is composed of quiescent cells with inhibited signaling, activation, and proliferation. 44 Persistent lymphocytosis, therefore, is not an indication of treatment resistance or imminent relapse. Treatment-induced lymphocytosis is not limited to CLL; an increase in ALC, albeit less common and more moderate, is also seen in patients with indolent non-Hodgkin's lymphoma (NHL) and mantle cell lymphoma. 64, 65 Decreased cell adhesion and migration of CLL cells contribute to the lymphocytosis on BCR inhibitors. 48, 54, 66 The rise in ALC within hours of starting drug treatment and changes in the expression of immunophenotypic markers A. Wiestner Table 1 . Characteristic clinical observations in patients with chronic lymphocytic leukemia (CLL) treated with BCR inhibitors. Treatment-induced lymphocytosis • Increase in ALC in most patients; peaks within days to weeks, resolution can take many months, with pronounced inter-patient variability.
• Resolves when stopping drug, reappears when restarting drug.
• Class effect; in absence of other signs of progression, does not indicate progressive disease.
• Revision of response criteria: PRL denotes a PR with persistent lymphocytosis • Caused by efflux of cells out of the lymph node (tissues) into the blood.
• Persistent lymphocytosis does not predict inferior outcome. Adverse events on kinase inhibitors • Mostly well tolerated oral agents, limited myelosuppression.
• Rate of infection higher in relapsed/refractory patients, appears to be due to underlying disease.
• Ibrutinib: frequent grade 1 ecchymosis, rare grade ≥3 bleeding (avoid Coumadin, hold drug for invasive procedures); increased incidence of atrial fibrillation.
• Idelalisib: grade ≥3 diarrhea, colitis, pneumonitis, and transaminase elevations. Treatment response and efficacy • High ORR to single agent ibrutinib or combination of idelalisib with rituximab; deep remissions infrequent.
• Typically rapid improvement in lymphadenopathy, cytopenias, and disease symptoms.
• Effective in high-risk disease including in patients with del(17p).
• Durable responses with continued treatment despite the presence of residual disease.
• Effective inhibition of BCR signaling and tumor proliferation.
indicate that the increase in circulating CLL cells, at least initially, is fueled by the egress of cells from lymphoid tissues. 58 The lymphocytosis is clearly not an indicator of treatment failure as, concurrent with the increase in ALC, there is often a dramatic and rapid reduction of disease in lymph nodes, spleen, and to a lesser extent also in the bone marrow, resulting, overall, in a substantial reduction in total tumor burden. 58, 67 Furthermore, tumor proliferation is virtually abolished within days of starting treatment. 43, 44 The degree of disease reduction suggests that a substantial number of cells are dying, but frank apoptosis has been difficult to detect in vivo. In patients starting treatment with ibrutinib, we found that the frequency of dead or dying cells in circulation more than doubled from a median 2.4% at baseline to 5.4% on treatment. 58 This increase in the rate of cell death fits well with the initial kinetics of tumor response seen in many patients. A comparable rate of cell loss has been estimated using mathematical modeling. 68 Decreased proliferation and moderately increased cell death provide a good explanation for the observed gradual attrition of the tumor over time and the absence of tumor lysis syndrome when single agent therapy is initiated. 58, 63 Most early responses to monotherapy with kinase inhibitors are partial (PR) and, despite clear and substantial clinical benefit, many patients do not formally achieve PR according to the 2008 IWCLL criteria because of the treatment-induced lymphocytosis. 56, 57, 61 Recently, the authors of the IWCLL guidelines have clarified that patients meeting standard criteria for PR, except for persistent lymphocytosis, can be considered responders, 69 and are now often classified as PR with lymphocytosis (PR-L). With continued therapy, most patients with PR-L convert to PR or CR. 57, 63, 67 In the next sections, I will focus on ibrutinib and idelalisib, both approved in the USA and Europe for the treatment of CLL.
Ibrutinib
Ibrutinib (formerly PCI-32765), an orally bioavailable small molecule, irreversibly inactivates BTK through covalent binding of a cysteine residue (Cys481) near the active site ( Figure 4A) . 70 BTK is a cytoplasmic tyrosine kinase of the TEC family that is essential for BCR signaling, NF-kB activation, and cellular proliferation. 71 Loss-of-function mutations in BTK cause X-linked agammaglobulinemia (XLA; Bruton's agammaglobulinemia) characterized by the virtual absence of mature B cells and immunoglobulins resulting in recurrent bacterial infections. While expressed in other cells, the essential functions of BTK appear to be limited to B cells. Ibrutinib inhibits BCR signaling with an IC 50 of less than 10 nM. In vitro, ibrutinib can inhibit a limited number of other kinases. Few kinases have a cysteine residue aligning with Cys481 in BTK and can be expected to be covalently bound by ibrutinib, including the TEC family kinases BLK, BMX, ITK, and TEC, as well as EGFR, ERBB2, and JAK3. 70 ITK, which is expressed in T cells and NK cells, has been shown to be inhibited at concentrations achievable in vivo. 72 For other kinases, in vivo inhibition has not been reported. In spite of this, inhibition of BTK is likely responsible for the direct anti-tumor effects, as indicated by genetic mouse models, 73, 74 and the Cys481 mutations in BTK identified in patients with ibrutinib resistance (discussed below).
Owing to its covalent binding to BTK, ibrutinib can be dosed once daily, despite a short half-life. Up to 12.5 mg/kg, no dose limiting toxicities were recorded. 75 Full occupancy of the target-binding site in BTK, a surrogate of complete kinase inhibition, was achieved at doses of 2.5 mg/kg or more. Subsequent studies in CLL used fixed doses of 420 and 840 mg once daily. 57 At steady state, predose occupancy of BTK ranged from approximately 60% to 99%, with no correlation between the degree of inhibition and best objective response.
Safety: ibrutinib is generally well tolerated. The most commonly reported side effects (≥20% of patients on single agent 57, 61, 63, 67, 76 ), are mostly grade 1-2 and transient, and include diarrhea, nausea, vomiting, dyspepsia, hypertension, upper respiratory tract infections, urinary tract infections, fatigue, cough, arthralgia, muscle cramps, nail ridging, bruising, rash, pyrexia, and peripheral edema. The most commonly reported (≥5% of patients) grade 3 or greater events include anemia, atrial fibrillation, bleeding, diarrhea, hypertension, neutropenia, pneumonia, and thrombocytopenia. In 132 patients, mostly from the phase Ib/II study followed for a median of three years, bleeding
AEs were recorded in 61%, with 7% of AEs grade 3, and one grade 5 event after drug discontinuation for PD. 63 In the same group of patients, grade 3 or greater infections were seen in 51% of patients with relapsed/refractory disease and in 13% of previously untreated patients, and were more frequent during the first year on treatment than in subsequent years. Treatment was discontinued because of AEs in 13% of patients. 63 In the RESONATE study, grade 3 or greater AEs that were more common in ibrutinib compared to ofatumumab treated patients included diarrhea (4% vs. 2%) and atrial fibrillation (3% vs. 0%). 76 The frequency of grade 3 or greater infections was similar in the two study groups (24% vs. 22%). 76 Bleeding-related AEs of any grade were more common in the ibrutinib group than in the ofatumumab group (44% vs. 12%). However, there was no difference in grade 3 or greater hemorrhagic events between the two groups (1% vs. 2%). In our own experience in 85 patients followed for a median of 24 months, grade 1 or 2 bleeding-related AEs occurred in 55% with no grade 3 or greater events. Interestingly, the cumulative incidence of an event plateaued by six months, suggesting that the risk of bleeding decreases with continued therapy. 77 Studies investigating the mechanism of bleeding diathesis in CLL patients treated with ibrutinib reported a decrease in collagen-induced platelet aggregation by the drug. [78] [79] [80] However, collagen-induced platelet aggregation is decreased in all patients with CLL, whether on ibrutinib or not, with a mild further decrement in collagen response on ibrutinib. 77 Notably, patients with XLA carrying loss-offunction mutations in BTK also have impaired collageninduced platelet aggregation but do not have a bleeding diathesis. The contribution of ibrutinib to serious bleeding events remains unclear, and the overall risk may depend on both disease and treatment-related factors. Single agent efficacy: a recent update on patients participating in the phase Ib/II study reported 90% overall response rate (ORR) in relapsed or refractory CLL [7% complete remission (CR), 80% PR, 3% PR-L] and 84% ORR in previously-untreated patients (23% CR, 55% PR, 6% PR-L). 63 Median time to initial response was 1.9 months and 7.4 months to best response. Notably, responses were seen across different risk groups, including in patients with high-risk disease. The estimated PFS rate at 30 months was 96% for previously-untreated patients, and 69% for relapsed/refractory CLL. The estimated PFS rate for patients with relapsed/refractory disease with del(17p) was 48%, with del(11q) 74%, and without either of these aberrations 87%. Disease progression was seen in 24 patients, appearing as Richter's transformation in 8. 63 Farooqui and colleagues enrolled 51 patients with del(17p) or TP53 mutations; 35 were previously untreated and 16 had relapsed/refractory CLL. 67 The ORR at 24 weeks of treatment was 92% (50% PR, 42% PR-L). While patients with M-CLL CLL had slower resolution of the treatmentinduced lymphocytosis and consequently were slower to convert from PR-L to PR, there was no difference between the two CLL subtypes in the degree of tumor reduction in bone marrow, lymph nodes, and spleen. The estimated PFS for all patients at 24 months was 82%. Five patients (10%) progressed, 3 with Richter's transformation and 2 with prolymphocytic transformation. The cumulative incidence of progression was 20% for relapsed/refractory CLL, 9% in previously untreated patients, and 20% for patients with U-CLL. None of the patients with M-CLL had progressed. 67 In an open label phase III study (RESONATE), 391 patients with relapsed or refractory CLL or SLL were randomly assigned to receive daily ibrutinib or the anti-CD20 mAb ofatumumab. The ORR was 42.6% in the ibrutinib arm and 4.1% in the ofatumumab arm. An additional 20% of ibrutinib-treated patients had PR-L. At six months, the PFS with ibrutinib was 88% compared to 65% with ofatumumab. Ibrutinib also significantly improved OS at 12 months (90% vs. 81%). 76 Combination therapy: the combination of ibrutinib with rituximab for 6 cycles followed by ibrutinib until disease progression was well tolerated and resulted in an ORR of 95% with 8% CRs in patient with high-risk disease features. 81 The estimated PFS at 18 months in all patients was 78% and was 72% in patients with del(17p) or TP53 mutation. The combination of ibrutinib 420 mg with ofatumumab was explored using 3 different administration sequences; ibrutinib lead-in, concurrent start, or ofatumumab lead-in. Both ORR at 100% and 12-month PFS at 89% was best in the ibrutinib lead-in cohort. 82 In a phase Ib study, 30 patients with relapsed/refractory CLL received ibrutinib with bendamustine and rituximab (BR). 83 BR was given for up to 6 cycles and ibrutinib at 420 mg was given continuously from day 1 onwards. No added toxicities were observed beyond what would be expected with BR alone. At a median follow up of 15.8 months, the ORR and CR rates were 93% and 17%. Responding patients continued ibrutinib on an extension study, increasing the median follow up to 37.3 months and the rate of CRs to 40%. The median time to CR was 18. 78.6% at 24 months, and 70.3% at 36 months. More recently, first results from a randomized phase III study evaluating 578 patients with previously treated CLL randomized to ibrutinib in combination with BR (BR+ibr) versus BR plus placebo (BR+plb) have been presented. 84 The median age was 64 years; 38% had advanced Rai stage; notably, patients with del17p were excluded. At a median follow up of 17.2 months, the PFS, the pre-defined primary end point of the study, was significantly longer with BR+ibr versus BR+plb (median not reached vs. 13 
Idelalisib
Idelalisib (formerly GS-1101 or CAL-101) is an orally bioavailable, selective, and reversible inhibitor of the PI3Kδ isoform. The PI3K pathway regulates cellular growth, proliferation, and survival in response to different stimuli. 85, 86 PI3K isoforms α and b are ubiquitously expressed, whereas the PI3Kδ isoform is primarily expressed in leukocytes. PI3Kδ is essential for antigeninduced BCR signaling. Both PI3Kδ and PI3Kα participate in the so-called tonic BCR signaling required for B cell survival (discussed in 27 ). In a dose escalation phase I study of oral idelalisib in NHL 87 and CLL, 56 patients were treated at 6 dose levels ranging from 50-350 mg once or twice daily, and remained on continuous therapy while deriving clinical benefit. No maximum tolerated dose (MTD) was established. Based on consistent reductions in lymphadenopathy, long PFS, and pharmacokinetic considerations a dose of 150 mg twice daily was chosen for subsequent studies. 87 Safety: idelalisib US prescribing information contains a black box warning for fatal and/or severe diarrhea or colitis, hepatotoxicity, pneumonitis, and intestinal perforation. 88, 89 Additional warnings and precautions from the US prescribing information include severe cutaneous reactions, anaphylaxis, neutropenia and embryo-fetal toxicity.
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haematologica | 2015; 100(12) Severe diarrhea or colitis has been reported in a combined 14% of patients being treated on phase I and II studies and the phase III CLL study. 88, 90 Diarrhea was one of the most common AEs that led to idelalisib dose reduction and treatment discontinuation. Two types of diarrhea are observed with idelalisib. The first type tends to be mild, self-limiting and generally occurs within the first eight weeks; the second type tends to occur relatively late, responds poorly to antidiarrheal or antimicrobial therapy, and is considered to be idelalisib-related. Intestinal perforation has been reported in 0.5% of patients with hematologic malignancies enrolled in phase I, II and III clinical trials. 88 Endoscopies in patients with treatment-emergent, late-onset diarrhea revealed increased intraepithelial lymphocytes and villous blunting in the small intestine, and a spectrum of changes including prominent apoptosis with acute cryptitis, crypt abscesses, and increased intraepithelial CD8 T cells in the colon. 91 The histological features of idelalisib-associated diarrhea overlapped with those found in autoimmune enterocolitis, graft-versus-host disease (GvHD), and cytomegalovirus (CMV) colitis. Similar histological findings were noted in PI3Kδ knock-out mice that develop spontaneous colitis due to altered macrophage function resulting in a disturbed intestinal immune microenvironment. 92, 93 These data suggest that colitis might be a class effect of PI3Kδ inhibitors. In fact, grade 3 or greater diarrhea is reported as an important side effect with other PI3Kδ inhibitors. 94 Serious, including fatal, hepatotoxicity and pneumonitis have occurred in patients treated with idelalisib. Across idelalisib clinical trials, serious hepatotoxicity occurred in 14% of patients and was one of the most common reasons for idelalisib dose reduction and treatment discontinuation. 88 Across clinical trials, pneumonitis occurred in 3% of idelalisib-treated patients with fatal events in 0.5%. The combination of idelalisib with the SYK inhibitor GS-9973 resulted in an unexpectedly high rate of pneumonitis and resulted in stopping the combination study. 95 The precise mechanism of idelalisib-related pneumonitis remains to be defined. However, druginduced pneumonitis has also been observed with mTOR inhibitors, where immune-and host-mediated factors have been implicated, possibly through pro-inflammatory activation of the innate immune system, mediated by effects on monocytes or macrophages. 96 Thus, pneumonitis may be a toxicity resulting from the inhibition of PI3K/AKT/mTOR signaling.
Recommendations on the monitoring for and management of treatment-emergent AEs with idelalisib use are found in the idelalisib US prescribing information and in the report of an expert panel. 88, 89 Single agent efficacy: in CLL, the ORR according to the 2008 IWCLL criteria was 39%. 56 An additional 33% of patients had PR-L. The median PFS for all CLL patients enrolled was 15.8 months and 32 months for those receiving continuous dosing with idelalisib 150 or more mg twice daily. While patients with del(17p) or a TP53 mutation responded to treatment, the median PFS of five months was shorter than the 41 months in patients without this abnormality.
Combination therapy: idelalisib combined with rituximab was compared to rituximab with placebo in 220 frail patients with relapsed CLL. 90 The study was stopped early due to excess events in the placebo group. The ORR (all PRs) was 81% in the idelalisib group, as compared with 13% in the placebo group. At 24 weeks, the PFS was 93% in the idelalisib group and 46% in the placebo group. The benefit of idelalisib and rituximab was similar in groups stratified by status of del(17p), presence of TP53 mutation, and IGHV mutation status. Consistent with the single agent experience, those grade 3 or greater AEs more often encountered in the idelalisib and rituximab group were pneumonitis (4% vs. 1%), diarrhea (4% vs. 0%), and transaminase elevations (5% vs. 1%). In contrast, infusion reactions during rituximab administration appeared to be milder in patients receiving idelalisib.
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Select additional kinase inhibitors in clinical trials
In the eight years since the first patient received the SYK inhibitor fostamatinib, 60 there has been a rapid clinical development of multiple BCR inhibitors. In addition to ibrutinib, at least three other covalent BTK inhibitors have entered clinical trials (CC-292, ONO-4059, and ACP-196). In addition, several non-covalent BTK inhibitors are in preclinical or very early clinical development (reviewed in 97 ). Additional PI3Kδ inhibitors in clinical testing include duvelisib (formerly IPI-145, also inhibits PI3Kγ), TGR-1202, and AMG-319. Isoform selective targeting of the PI3K pathway is attractive because it avoids toxicities of pan PI3K inhibitors. However, in transformed cells, the dominant role of a specific isoform may be lost and different PI3K isoforms can assume redundant functions. 98 Whether this will give rise to treatment failure remains to be defined. Table 2 lists select inhibitors in clinical trials and some of these are briefly discussed below.
SYK inhibitors: upon antigen binding to the BCR, LYN phosphorylates SYK, which in turn amplifies the initial BCR signal and activates the downstream signaling cascade. In addition, SYK is involved in chemokine, integrin, and Fc-receptor signaling. 99 Fostamatinib, which inhibits SYK and dozens of other kinases, was the first BCR inhibitor to be studied in patients with relapsed/refractory NHL and CLL. 60 The dose limiting toxicity was a combination of diarrhea, neutropenia, and thrombocytopenia. The ORR in 11 patients with CLL was 55%. In tumor cells sampled on treatment fostamatinib effectively inhibited BCR signaling, and reduced tumor proliferation. 100 The subsequent development of fostamatinib focused on rheumatoid arthritis, with mixed results.
Entospletinib (GS-9973) is a highly selective, orally bioavailable SYK inhibitor. In a phase II study, patients with CLL (n=41) or indolent NHL (n=145) were treated at 800 mg bid. Serious adverse events were reported in 29% of patients, most commonly dyspnea, pneumonia, febrile neutropenia, dehydration and pyrexia. Grade 3 or greater transaminae eleveations were seen in 13.4% of patients. The ORR in CLL was 61% and the median PFS was 13.8 months.
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Resistance to BCR inhibitors and disease transformation
A consistent observation in studies with BCR inhibitors has been that patients with del(17p) or del(11q), bulky disease, or unmutated IGHV respond as well as patients without these adverse disease features. 57, 90 With longer follow up, however, disease progression occurred more often in patients with high-risk genetic features, and in patients with U-CLL. 63, 67, 101 Patients progressing on ibrutinib are more likely to have U-CLL, del(17p), complex karyotype, or relapsed/refractory treatment status.
In some patients, disease progression manifests as large Bcell lymphoma or Hodgkin's lymphoma (Richter's transformation). Progression with Richter's transformation tends to occur within the first 12-18 months on treatment, while progression with CLL tends to occur later. 101 Overall, the incidence of transformation in patients treated with ibrutinib appears to be less than 10% (Table 3) . 67, 101 In our cohort of 35 patients with CLL and del(17p) receiving ibrutinib in first-line therapy, 2 (5.7%) progressed with Richter's transformation. 67 In contrast, 23% of 63 patients who received first-line treatment at the MD Anderson Cancer Center, most often with FCR, had Richter's transformation. 104 In fact, ibrutinib may have some activity against Richter's transformation, possibly contributing to fewer events of transformation than that seen in patients after chemoimmunotherapy. 105 Mechanisms of resistance differ depending on which kinase is targeted. Recently, acquired mutations in BTK and in phospholipase C, gamma 2 (PLCg2), a direct downstream target of BTK, were identified in CLL patients who developed secondary resistance to ibrutinib. 106, 107 Five patients showed a cysteine-to-serine mutation in BTK (C481S) at the binding site of ibrutinib that prevents the covalent binding of the drug and thereby dramatically decreases the potency of ibrutinib (Figure 4) . Two patients had gain-of-function mutations in PLCg2 that lead to autonomous BCR signaling. 106, 108 In a recent update, the Ohio State University group identified BTK and/or PLCg2 mutations in all 11 patients progressing with CLL. In contrast, BTK mutations were less common in patients with Richter's transformation, 101 suggesting that some of the biological changes occurring during transformation lead to BTK independent tumors. However, at least for the first few years, the incidence of resistance is quite low. Furthermore, the C481S mutation indicates that functional BTK is essential for CLL cells and validates BTK as a therapeutic target. Less is known about resistance mechanisms to PI3Kδ inhibitors. In MCL, high expression of PI3Kα has been associated with resistance to idelalisib. 109 Whether overexpression of PI3Kα could play a similar role in CLL is not clear. Finally, patients who failed to respond to the SYK inhibitor fostamatinib had much higher CD38 expression than responding patients. 100 Consistent with the appearance that the mechanism of resistance differs between different BCR inhibitors, switching from one inhibitor to another can be effective. For example, 5 of 6 patients with prior treatment with idelalisib achieved a PR with ibrutinib. 63 Patients progressing with disease transformation on ibrutinib have been reported to have a median survival of less than four months. 101, 102 The poor outcome for these patients may reflect the adverse biological characteristics of their particular disease and, at least for patients in the early studies, the absence of effective alternative agents. In contrast, the survival of patients progressing with CLL has recently been estimated as 17.6 months. 101 With the availability of different kinase inhibitors, novel agents such as the BCL-2 antagonist ABT-199, or more effective immunotherapies, the outlook for these patients is expected to improve.
Outlook on the role of BCR inhibitors in the treatment of CLL
The clinical benefit of kinase inhibitors is immediately evident in patients who exhausted all other treatment options and now have access to new effective and tolerable agents. BCR inhibitors are clearly among the most effective agents developed for the treatment of CLL and could become the backbone of hopefully curative combination therapy. However, for many patients, especially the elderly and frail, single agent therapy may offer a well-tolerated chronic therapy for a chronic condition. Important variables impacting the choice of treatment strategy have still not been completely defined. First, assessing the safety and tolerability of chronic administration of BCR inhibitors still requires longer follow up. Second, the rate of resistance to single agent therapy will be an important consideration. While, at least for a subset of high-risk patients, resistance may develop at an appreciable rate, resistance appears to be less common in patients being treated with ibrutinib in first-line therapy. Given the excellent results with single agent BCR inhibitor therapy in CLL, clear measures of success of combination therapy should be established. For example, pending evidence of cure, one goal could be the induction of responses deep enough to permit treatment discontinuation for extended periods of time, a paradigm set by minimal-residual disease negative remissions after chemoimmunotherapy. Another important goal of combination therapy could be to reduce the incidence of drug resistance.
The rapidly expanding treatment options for CLL provide the tools for "individualized", or maybe better, goaland risk-adapted treatment strategies. For example, in our experience, patients treated with single agent ibrutinib in first-line therapy for CLL with TP53 aberrations had superior PFS than patients treated with FCR. 67 With an estimated rate of progression of 9% at two years in previously untreated patients, chemoimmunotherapy for patients with CLL and TP53 aberrations should be avoided. 67 Unfortunately, patients with relapsed/refractory disease and del(17p) appear to be at higher risk of progression; approximately 41% of these patients treated with ibrutinib progressed after a median treatment duration of 23 months. 63 Thus, patients at high risk of progression on BCR inhibitors may benefit from combination therapy, and, at least for them, allogeneic stem cell transplantation may still be an option for long-term disease control. 110 For many patients without high-risk disease features, single agent ibrutinib appears to offer a low intensity, tolerable and durable treatment option. Conceivably, these patients, once they achieve a stable remission, could safely suspend treatment and resume again once progression of the disease justifies re-institution of therapy. However, there are very little data on such voluntary interruptions, and the impact on drug resistance and long-term disease control is not known. On the other hand, maturing data with FCR suggest that a subset of patients can be relapse-free at ten years, raising the possibility that a proportion of patients are "cured" with FCR. 8, 111 For these patients, typically having lower-risk disease (M-CLL, Rai stage <3, serum b2-microglobulin <4), a relatively short treatment course could achieve long-lasting remissions and obviate the need of chronic drug administration. 111 Current data on combinations of BCR inhibitors in CLL are limited. The initial response rates in combination with anti-CD20 antibodies are not that different from single agent data and more relevant endpoints such as PFS await longer follow up. Notably, mechanistic studies on the interaction between BCR inhibitors and anti-CD20 antibodies revealed both potentially negative as well as poten-
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tially favorable interactions between the two classes in in vitro models. [112] [113] [114] [115] These data, and the observation that the sequencing of antibody and kinase inhibitor may matter, 82 suggest that optimizing the benefit of combination therapy could be more complex than initially thought.
Results from ongoing randomized trials should answer the question as to how much the addition of an anti-CD20 antibody can increase the benefit of BCR inhibitors. Preliminary data suggest that the combination of BCR inhibitors with chemotherapy is safe and more effective than chemotherapy alone. However, it remains unclear what the addition of chemotherapy to the BCR inhibitor contributes; with the caveat that these studies have been carried out in patients with relapsed disease. Conceivably, combining kinase inhibitors with chemoimmunotherapy in first-line therapy could be more effective and possibly become a curative strategy for younger patients. Whether combinations of BCR inhibitors with other agents in development, especially the BCL-2 antagonist ABT-199, or emerging immunotherapies such as checkpoint inhibitors and chimeric antigen receptor modified T cells, could become the combination therapy of choice will require a great deal of additional investigation. The first reported attempt at combining two BCR inhibitors, idelalisib and the SYK inhibitor GS-9973, was discontinued due to an unexpected pneumonitis syndrome, 62 serving as a reminder that combination therapy may result in additional toxicities.
In summary, there is an unprecedented abundance of options for the treatment of patients with CLL and there are many good reasons to explore very different strategies. Clearly, advantages and disadvantages of different approaches still have to be defined in clinical trials. At the same time, we are entering an area where patients may be able to choose between different treatment options. Thus, goal-and risk-adapted strategies need to be combined with patient preferences to formulate truly personalized therapy.
